Passerines that are exposed to brood parasitism can evolve reduced intraclutch variation in egg appearance to facilitate recognition and rejection of the parasitic egg. This has been shown to be true for European passerine species that are assumed to have participated in an evolutionary arms race with the cuckoo (Cuculus canorus). However, few investigations have been carried out with the aim of ¢nding out whether there is a relationship between these two traits within a species. In this study, we compare the level of intraclutch variation in egg appearance and the rejection of an unlike parasitic egg within a population of reed warblers (Acrocephalus scirpaceus) in the south-eastern part of the Czech Republic. We parasitized reed warbler nests with an arti¢cial non-mimetic cuckoo egg, and then monitored the reaction of the hosts. In 27 out of 48 nests (56.3%) the parasitic egg was rejected. The rejecter pairs had a statistically signi¢cantly lower intraclutch variation in egg appearance than the acceptor pairs. We discuss possible explanations for the observed relationship between rejection of unlike eggs and intraclutch variation in egg appearance within this population of reed warblers. The results are consistent with the evolutionary arms race hypothesis, but the intermediate rejection rate found in this population could also be maintained by an equilibrium between acceptors and rejecters due to rejection costs.
INTRODUCTION
Interactions between avian brood parasites and their hosts are one of the most suitable model systems for studying coevolution (Rothstein & Robinson 1998) . Recent investigations have shown that passerines that have been involved in a coevolutionary arms race with the cuckoo have developed, among other traits, less intraclutch variation in egg appearance than those that have not experienced such interactions (Òien et al. 1995; Soler & MÖller 1996) . The reason for the evolution of these traits by the host is thought to be an adaptation in the prevailing coevolutionary arms race (Swynnerton 1918; Dawkins & Krebs 1979; Brooke & Davies 1988; Davies & Brooke 1988 , 1989a Brown et al. 1990; Moksnes et al. 1990 Moksnes et al. , 1991 Rothstein 1990; Òien et al. 1995) . The reduced intraclutch variation among their own eggs is assumed to make it easier for the hosts to recognize a parasitic egg in their nest, even when the foreign egg is not very di¡erent in appearance from the host eggs (Òien et al. 1995) .
Most investigations of variation in intraclutch egg appearance have so far focused on comparisons between species of passerines (Davies & Brooke 1989a; Òien et al. 1995; Soler & MÖller 1996) . However, to test the hypothesis that reduction in intraclutch egg variation is a stage in the coevolutionary arms race between host and parasite, it is also highly relevant to analyse the di¡erences in such variation within a species (see, for example, Victoria 1972; Lotem et al. 1995) .
In this study, we recorded the host response to nonmimetic model cuckoo eggs in relation to intraclutch variation in the appearance of host eggs. We studied a reed warbler population in the Czech Republic, which is sympatric with the cuckoo and is regularly parasitized by it. According to the arms-race hypothesis (Davies & Brooke 1989b; Òien et al. 1995) , we would expect that individuals from host populations that have been involved in coevolution with the cuckoo should have evolved rejection behaviour towards odd eggs, and also a low intraclutch variation in egg appearance to facilitate the recognition of a foreign, parasitic egg (Òien et al. 1995; Soler & MÖller 1996) . If these counter-adaptations against parasitism are working in accordance with this theory, we expect that rejecter individuals within a host population will show less intraclutch egg variation than acceptor individuals.
We also discuss possible age-related patterns in rejection behaviour and intraclutch variation in the light of our data, together with the possible in£uence of conditional factors such as the level of cuckoo parasitism on hosts in di¡erent periods of the host's breeding season. Such patterns have suggested that the host response towards parasitic eggs could be explained by an evolutionary equilibrium model (see, for example, Lotem et al. 1992) . This hypothesis states that the acceptance of parasitic eggs by some individuals is a result of an equilibrium between various selective pressures including conditional responses (Zahavi 1979; Rohwer & Spaw 1988; Rohwer et al. 1989; Brooker & Brooker 1990; RÖskaft et al. 1990; Petit 1991; Lotem et al. 1992 Lotem et al. , 1995 Lotem & Nakamura 1998) .
MATERIAL AND METHODS
The ¢eldwork took place from 10 June to 10 July 1998 in Luzice, Southern Moravia, in the south-eastern part of the Czech Republic (47840' N, 16848' E), about 60 km south of the city of Brno. The most important breeding period for the reed warbler in this area is June through to mid-July (Hudec 1975) , which means that most of the breeding period was studied. The study site is situated in a typical agricultural area, with interspersed villages and deciduous woods. The reed warbler nests were found in the littoral vegetation surrounding several ¢sh ponds and mostly consisting of reeds (Phragmites australis) and to a lesser extent reedmace (Typha angustifolia) (Òien et al. 1998) . The ponds are mainly surrounded by a belt of deciduous woodland. All the nests were given a number and were marked with a tiny yellow plastic sticker. No experimentally parasitized nests were naturally parasitized by cuckoos, and in addition no naturally parasitized nests were used in our experiments. Only nests that were found at the building stage, before the hosts had started their egg laying, were used in the study. These nests were visited every day and each egg was numbered with waterproof ink in consecutive order as laid. No indications of intraspeci¢c parasitism were recorded. As far as we know, intraspeci¢c brood parasitism has never been documented in the reed warbler.
Our intention was to use only ¢rst clutches in the experiment. Because we did not capture and mark any of the hosts, there exists a theoretical possibility that some second clutches could have been included in the experiment. However, our large sample size and study area, with a high breeding density of hosts (which reduces the risk of including clutches of the same individuals twice) would probably reduce this source of error to a marginal level.
To assess the rejection behaviour towards unlike eggs, we placed an arti¢cial, immaculate blue, model cuckoo egg (redstart type) in the nest of the reed warbler hosts. The model eggs had approximately the same size and mass as real cuckoo eggs, and were made of plaster and painted with acrylic paint. All the nests used in the study were arti¢cially parasitized the same day as the host had laid its fourth egg, so that the host could assess the intraclutch variation within the complete clutch (although a few females laid three or ¢ve eggs, which resulted in a mean clutch size slightly smaller than four; see } 3). None of the host eggs were removed when the arti¢cial egg was put into the nest, because this has been shown to have no in£uence on the host response (Davies & Brooke 1988; Moksnes & RÖskaft 1989) . The nests were visited every day for the next ¢ve days after parasitism. We regarded the model egg as accepted if the host had shown no rejection behaviour during the ¢ve days after parasitism; the blue egg was removed on the ¢fth day. In some other studies, the rejection behaviour has been monitored for somewhat longer (see, for example, Davies & Brooke 1988; Moksnes et al. 1990; Lotem et al. 1995) . Of those reed warblers in our study area that, during 1992^1998, rejected naturally laid cuckoo eggs, 86% rejected the egg within the ¢rst ¢ve days after the parasitism, and 92% within six days (B. G. Stokke, A. Moksnes, E. RÖskaft, G. Rudolfsen and M. Honza, unpublished data). However, because increasing the length of this observation period could also result in an increasing proportion of desertions for other reasons than parasitism, we decided to use ¢ve days as a limit. The parasitic egg was regarded as rejected if the hosts had deserted the nest, or had tried to puncture the arti¢cial egg. The latter was made perceptible through small puncture holes in the plaster, which were easy to distinguish from the intact eggs in the nests of the acceptor pairs. A total of 48 nests were arti¢cially parasitized in this study.
To be able to examine the intraclutch variation, we photographed the clutches in a standardized manner with a Canon EOS 100 camera with a ML-3 £ashlight. The eggs were photographed on a greyish plate, and each clutch was given its own number. The intraclutch variation was later scored by four experienced test persons who did not know the fate of the nests in advance. These persons scored the intraclutch variation for each clutch according to the method used by Òien et al. (1995) . With this method, the intraclutch variation in egg appearance, represented by colour and marking patterns, was scored from one to ¢ve according to the following scale.
(1) No variation; all the eggs were similar.
(2) At least one egg di¡ered slightly from the others. (3) At least one egg showed marked di¡erences from the other eggs. (4) At least one egg di¡ered dramatically from the others. (5) All the eggs di¡ered from one another.
The scores of intraclutch variation made by the di¡erent test persons were highly consistent as shown by a calculation of repeatability (Becker 1984; Lessels & Boag 1987) . The intraclutch variation was normally distributed, so there was no need for normalization of this variable. The repeatability of intraclutch variation was 0.703 (s.e. 0.055; F 10.460, d.f. 47,144, p50.001). The total mean intraclutch variation for all four test persons was calculated and used in the analysis of the data. We used SPSS 8.0 for Windows to analyse the material statistically; all the tests are two-tailed.
RESULTS
The arti¢cial parasitic egg was rejected in 27 (56.3%) out of the 48 host nests used in the experiment. This was statistically signi¢cantly higher than in the nests that were naturally parasitized in 1992^1998, where the parasitic egg was rejected in 73 out of 255 nests (28.6%) (B. G. Stokke, A. Moksnes, E. RÖskaft, G. Rudolfsen and M. Honza, unpublished data) (1 2 13.94, d.f. 1, p50.001). Fourteen of the nests were deserted, and in 13 nests the foreign egg was considered rejected because the host had tried to puncture it (puncture ejection). The mean intraclutch variation in egg appearance for the rejecter pairs was 2.62 (s.d. 0.69), which was statistically signi¢cantly lower than for the acceptor pairs, 3.41 (s.d. 0.72) (¢gure 1, Mann^Whitney U, Z 73.407, n 21,27, p 0.001). We found no statistically signi¢cant di¡erences in the distribution of acceptors and rejecters throughout the breeding season of the hosts (table 1, log-linear analysis, maximum likelihood 1 2 3.125, d.f. 3, p 0.370). The overall level of natural cuckoo parasitism on reed warblers recorded in the area in 1998 was 11.7% (11 out of 94), and we found no di¡erences in the rate of cuckoo parasitism throughout the part of the season when our experiment was done (table 1, 
DISCUSSION
As predicted, we found a negative relationship among reed warblers between intraclutch egg variation and the ability to reject non-mimetic cuckoo eggs. This supports the arms-race hypothesis, which assumes that one stage in the coevolution between the cuckoo and the host would be selection for a reduction in intraclutch variation in egg appearance among hosts (Davies & Brooke 1989a; Òien et al. 1995; Soler & MÖller 1996) . This reduced intraclutch variation would make it easier for the host to distinguish a parasitic egg from its own eggs. As the eggs in the clutch become mutually less variable, the variation between clutches of di¡erent individuals may increase (Soler & MÖller 1996) . Such an increased interclutch variation would clearly make it more di¤cult for the cuckoo to mimic the host eggs, because there would be several`egg types' in each host species (Òien et al. 1995; Soler & MÖller 1996) . To create this scenario, there must be a certain degree of intraclutch variation in egg appearance within a population at the start. This will allow selection on eggs with di¡erent appearance among the individuals by chance, as a host population is becoming involved in an arms race with the cuckoo. In addition, it is essential that the variation in egg appearance has a genetic foundation, so that a selection can take place. The relatively high intraclutch variation found in the acceptor pairs in this study, and in acceptor species by Òien et al. (1995) , indicates that there is su¤cient variation in egg appearance within clutches to allow selection for a reduction in this variation and thereby an increasing interclutch variation when confronted with cuckoo parasitism.
Recent investigations have focused on other causes of variation in rejection behaviour between individuals in the same population, and support has been found for the evolutionary equilibrium hypothesis (Lotem et al. 1992 (Lotem et al. , 1995 Alvarez 1996; Brooke et al. 1998; Òien et al. 1998) . Some studies have shown that rejection and acceptance of parasitic eggs may have a di¡erent distribution in the course of the breeding season (see, for example, Burgham & Picman 1989; Lotem et al. 1992 Lotem et al. , 1995 Alvarez 1996; Brooke et al. 1998; Òien et al. 1998) . Lotem et al. (1992) observed that a population of the great reed warbler (Acrocephalus arundinaceus) in Japan had signi¢cantly more rejecter than acceptor individuals among the early and late breeders than among individuals that nested in the middle of the breeding season. Their interpretation of this was that naive ¢rst-year breeders need time to recognize their own eggs, and therefore do not eject an odd egg from their nests as readily as older individuals do. These naive individuals generally start their breeding season later than the adults (Lack 1968; Klomp 1970; Walker 1972 ) and therefore make up most of the breeding population in the middle of the season. At the end of the breeding season, the host breeding population again consists mostly of older birds that are re-nesting, or producing their second brood (Lotem et al. 1992) . This scenario allows an evolutionary equilibrium to operate between rejecters and acceptors of odd eggs in a population of brood-parasite hosts. They also found some support for an age-speci¢c pattern in the intraclutch variation in egg appearance: females showed a greater tendency to produce clutches with more intraclutch variation in egg appearance in their ¢rst breeding attempt than subsequently (Lotem et al. 1995) . Due to the possible age-speci¢c pattern in rejection behaviour and intraclutch variation, this could represent a potential source of error in the present study. However, the similar distribution of acceptors and rejecters through the breeding season indicates that there is no relationship between the timing of breeding and rejection behaviour in the population of reed warblers studied. An additional test to examine any possible age-speci¢c rejection behaviour among reed warblers in the study area is related to di¡erences in clutch size between young and old individuals. In passerines, ¢rst-time breeders generally have smaller clutches than older birds (Snow 1958; Campbell & Lack 1985) . Following Lotem et al. (1995) , we would therefore expect that the acceptors of parasitic eggs would have a smaller clutch size than the rejecters. We found no such di¡erence in clutch size between rejecters and acceptors. These results indicate either that the distribution of young and old breeders is similar during the course of the season, or that there are no age-speci¢c patterns of rejection and acceptance of odd eggs in this reed-warbler population. To sum up, there are no indications that the e¡ect of age leads to any serious source of error concerning the observed relationship between intraclutch variation and rejection behaviour in this study.
If an allele for rejecting parasitic eggs exists, the spread of it in a particular host population will depend upon the level of cuckoo parasitism, or in other words the selection pressure for host discrimination. With the relatively high rate of natural parasitism found in our study area (16.1%) (Òien et al. 1998) , the overall rejection rate should be quite high (Davies et al. 1996; Brooke et al. 1998) . The level of parasitism in our study area lies in the lower region of that experienced by a reed-warbler population in eastern England in 1985^1986 (16^26%) (Brooke et al. 1998) . The rejection of the redstart-type model egg in this area was 69.2% in 1985^1986, but had declined to 24.6% in 1995^1997 when the level of parasitism had declined to a level as little as 2^6% (Brooke et al. 1998) . The observed level of rejection in our study in 1998 (56.3%) corresponds quite well with these data, although the level of natural parasitism found this year (11.7%) was somewhat lower than in the previous years. In contrast to the high rejection rate for non-mimetic eggs, the rejection of mimetic eggs by cuckoo hosts is often much more infrequent. The rejection rate of natural cuckoo eggs by a population of reed warblers in England in 1985^1986 was thus only 19% (Davies & Brooke 1988 ; see also Davies & Brooke 1989b; Brown et al. 1990 ); in our study area the mean rate for 1992^1998 was 28.6%. The natural rejection rate for cuckoo eggs in our study area is thus much lower than the rejection rate for the arti¢cial, nonmimetic eggs used in the experiment. The natural cuckoo eggs found in the area show at least some degree of mimicry of the host eggs (Moksnes et al. 1993) , in contrast to the completely di¡erent arti¢cial eggs used in the present study. Even though the blue model cuckoo egg we used was very di¡erent from reed-warbler eggs (seen with the human eye), 43.7% of them were accepted by the host. These acceptors had a higher intraclutch variation than the rejecters, but in spite of this it is reasonable to believe that the arti¢cial egg was so di¡erent that it should have been possible for them to recognize it if they had such an ability (but see Alvarez 1999) . It is therefore possible that the lack of rejection was not primarily due to high intraclutch variation, but to the lack of a`rejecter allele'. Following this line of argument, there could be a genetic linkage between the two traits found among the rejecters in this study: low intraclutch egg variation and a high ability to recognize odd eggs. In relation to this question it is interesting to note that in some passerine species it has been found that it is the female who is responsible for the ejection of foreign eggs (Moksnes et al. 1994; Palomino et al. 1998) . It is believed that egg appearance is inherited by a daughter from her mother (see, for example, Punnett 1933; Collias 1993) , because the genes responsible for such traits are thought to be located on the female-speci¢c W chromosome (Sheppard 1958; Jensen 1966) . It thus seems that a possible linkage between intraclutch variation and the ability to recognize odd eggs requires that the rejection of parasitic eggs is performed by the female.
To obtain more insight into these questions it is necessary to investigate the role of intraclutch variation when the parasitic egg shows better mimicry of the host eggs, for example whether there are any di¡erences in intraclutch variation between rejecters and acceptors of real cuckoo eggs. It is possible that rejecters of such eggs have the lowest intraclutch variation of all, if we assume that there is a genetic linkage between the traits. If, on the other hand, some conditional factors such as the presence of the cuckoo near the nest (Davies & Brooke 1988) or the short-term, natural level of parasitism are important, we should not expect such a close relationship between rejection behaviour and intraclutch variation. Such ¢ndings would support the evolutionary equilibrium hypothesis.
The level of cuckoo parasitism on reed warblers in di¡erent parts of Europe varies greatly, ranging from zero to 63%, with a mean of about 9% (Schreuers 1963; Schulze-Hagen 1992) . The birds that have their origin in areas with no, or at least little, cuckoo parasitism would not be expected to have evolved any pronounced rejection behaviour against parasitic eggs. They are therefore expected to have a relatively high intraclutch variation in egg appearance along with a poor ability to reject odd eggs. Individuals that originate from areas with higher levels of parasitism would be expected to have evolved less intraclutch variation in egg appearance and a higher rejection rate for odd eggs. Gene £ow could theoretically level o¡ variations between populations, but di¡erences in rejection behaviour have been found between populations that are separated by only a few kilometres (Brooke et al. 1998) . It would be interesting to examine in more detail whether there are any di¡erences in intraclutch variation between these populations.
In this study we have concluded that our results support the evolutionary arms-race hypothesis (see above). However, even if low intraclutch variation in host eggs has evolved as a counter-adaptation against mimetic cuckoo eggs, the results of this study do not permit us to reject the evolutionary equilibrium hypothesis. It is still possible that intermediate rejection rates are maintained by an equilibrium between acceptors and rejecters due to rejection costs (see, for example, Davies & Brooke 1988; Rohwer et al. 1989; Moksnes et al. 1991; Marchetti 1992; RÖskaft et al. 1993; Takasu et al. 1993; Lotem et al. 1995; Davies et al. 1996; Takasu 1998 
